ABSTRACT The objective of this study was to Þnd one or more rearing methods that would allow us to release Osmia lignaria Say populations from natal nests to pollinate February-ßowering almonds, Prunus amygdalus Batsch, in CaliforniaÕs Central Valley. We exposed three phenologically distinct O. lignaria populations (early-, mid-, and late-ßying) to different temperature treatments through development and wintering for a total of nine rearing treatments. These treatments combined three approaches to obtain early bee emergence: (1) exposing bees to warmer or ßuctuating temperatures, or both, during development; (2) exposing bees to warmer wintering temperatures; and (3) using early-ßying bee populations from Central Valley California latitudes. Extended periods of high prewintering temperatures resulted in apparent fat body consumption of prewintering adults and reductions in springtime adult longevity. In general, temperature treatments that promoted rapid immature development, and thus longer wintering periods, resulted in earlier spring emergence patterns of bees well timed with bloom period of almonds. Warmer wintering periods also resulted in earlier emergence. In addition to providing good bee-bloom synchrony, several treatments also yielded vigorous emerging populations, rapid establishment and nesting, and population increases. The potential importance of our results to anticipated increases in the demand for pollination services in CaliforniaÕs Central Valley almonds is discussed.
Osmia lignaria Say is a spring mason bee that nests in preestablished cavities, mainly beetle burrows in dead timber, and readily accepts artiÞcial nesting materials (Torchio 1982a) . Female O. lignaria prefer to collect pollen and nectar from fruit tree ßowers to provision their nests, and have been shown to be excellent pollinators of almonds (Prunus amygdalus Batsch), cherries (Prunus avium L.), plums (Prunus domestica L.), pears (Pyrus communis L.), and apples (Malus domestica Borkh) (Torchio 1976 (Torchio , 1979 (Torchio , 1985 . For these reasons, methods to manage O. lignaria have been developed as an alternative to the use of honey bees, Apis mellifera L., for orchard pollination (Torchio 1985 (Torchio , 1987 (Torchio , 1991 . After a nesting period of 1Ð2 mo, females of O. lignaria die, leaving their progeny in mud-capped nests. Immatures require temperatures Ͼ18ЊC throughout the springÐsummer period to complete development (Bosch and Kemp 2000a) . By late summer, immatures reach adulthood and remain in their cocoons. A wintering period is necessary for adults to complete winter dormancy and emerge in the spring after natural or artiÞcial incubation. O. lignaria from northern Utah wintered artiÞcially for 215 d at 3Ð 4ЊC emerge over a short period (Ͻ1 wk) when incubated at 22ЊC (Bosch and Kemp 2000a) . Populations exposed to shortened wintering periods require longer incubation periods to begin emergence, and have long emergence periods (Bosch and Kemp 2000b) .
Under natural conditions, O. lignaria populations from the Cache Valley of northern Utah emerge in AprilÐMay, approximately in synchrony with cherry bloom (Bosch and Kemp 2000a) . Synchronizing bee nesting activity with bloom in later-ßowering crops, such as apples, can be achieved by keeping wintering populations at low temperatures (e.g., 3Ð 4ЊC), thus delaying bee emergence until bloom initiation. However, to pollinate earlier ßowering crops, such as California almonds, which bloom in February, bees from northern Utah must be forced to emerge a minimum of 2 mo earlier than their natural emergence time. In previous studies, O. lignaria populations were removed from wintering conditions (4ЊC) in mid-or late January and incubated at 27ЊC to initiate emergence (Torchio 1979 (Torchio , 1981a (Torchio , 1981b (Torchio , 1982b . Because these populations had extended emergence periods, a result of the shortened wintering periods that they received, bees were returned to 4ЊC as they emerged to keep them alive until almond bloom initiation (Torchio 1979 (Torchio , 1981a (Torchio , 1981b (Torchio , 1982b . This method ensures good synchrony with almond bloom, but necessitates releasing bees as emerged adults, which increases dispersal of prenesting females (Torchio 1984 (Torchio , 1985 , and therefore reduces the chances of recovering a population equal or larger than the one initially released.
Female dispersal is drastically reduced when populations are released as cocooned adults within their natal nests (Torchio 1984 (Torchio , 1985 .
The main objective of this study was, therefore, to test selected rearing methods that would allow us to release O. lignaria populations from natal nests in February. We used three approaches. The Þrst approach was to reduce summer developmental time, to allow populations to wintered earlier than their natural cycle. This would allow bees to have a sufÞciently long wintering period and a short emergence period before almond bloom initiation. Our previous laboratory results (Bosch and Kemp 2000a) showed that this could be accomplished in two ways: Þrst, O. lignaria larval and pupal stages are shortened by exposing bees to high constant temperatures (29ЊC) during development; second, O. lignaria prepupal stage is shortened by exposing bees to ßuctuating temperatures (14:27ЊC and a thermoperiod of 8:16 h). In both treatments (29ЊC and 14:27ЊC), mortality levels were comparable to mortality in a control treatment, in which bees were reared in an open barn under close-tonatural conditions. Total development time (egg to adult) for bees reared at 29ЊC and at 14:27ЊC was Ϸ1 mo less than for bees in the control group. As a result, bees reared at 29ЊC and 14:27ЊC could be wintered in early August, before bees from the control group even reached adulthood. After the wintering period, bees from 29ЊC and 14:27ЊC treatments were incubated and emerged in mid-March, 1 mo ahead of the control group. For bees from both laboratory treatments, mean female emergence periods were short (2.0 Ð2.4 d), and emerging bees were as vigorous as bees of the control group (Bosch and Kemp 2000a) .
The second approach was to expose bees to warmer wintering temperatures. An unpublished study on the closely related Osmia cornuta (Latreille) demonstrated that bees wintered at 7 and 10ЊC emerge Ϸ10 d earlier than bees wintered at 0.5ЊC (J.B., unpublished data). Survival rates were higher at the warmer temperatures and vigor of emerging bees was comparable at all three temperature treatments (J.B., unpublished data).
Our Þnal approach was the use of earlier-ßying populations from latitudes lower than northern Utah. O. lignaria is distributed across the United States (Rust 1974) , and populations at lower latitudes can start ßying as early as late February. Although we have not found O. lignaria populations at the lower altitudes of the California Central Valley where almonds are typically grown, this species does occur in the forested foothills (200 Ð350 m), where it usually ßies in MarchÐ April. Emergence of these California populations is still not early enough to obtain good synchrony with almond bloom. However, these populations normally follow almond bloom by 1 mo instead of 2 mo, as with northern Utah populations.
We tested nine rearing treatments combining one or more of the three approaches above, which addressed the following four questions: (1) Are laboratory results obtained in previous studies (Bosch and Kemp 2000a ; J.B., unpublished data) applicable to Þeld populations managed for almond pollination? In other words, will bees from late-ßying populations reared at high and ßuctuating temperatures or wintered at high temperatures emerge 1Ð2 mo ahead of their natural emergence? (2) Will bees that are forced to emerge 1Ð2 mo early establish in almond orchards, or will artiÞcial force-rearing result in poor establishment? (3) Can we maintain or increase O. lignaria populations in almond orchards? (4) Will the progeny of late-ßying populations forced to emerge and nest early in the year develop and emerge as early-or as lateßying populations?
Materials and Methods
Populations. We used three phenologically distinct O. lignaria populations.
Early-Flying Population (Early). These bees were the progeny of a late-ßying population (AprilÐMay 1997) from northern Utah forced to ßy early (FebruaryÐMarch 1998) at an almond orchard in central California. The parental population (1,000 females and 2,000 males) was obtained with nest traps, similar to those described in Torchio (1982a) , in several canyons near Salt Lake City (northern Utah, elevation 1,300 m; 111Њ 53Ј W, 40Њ 43Ј N) in 1997. After the nesting season of O. lignaria was complete, nests from these traps were recovered in early June 1997, and incubated at room temperature (20 Ð23ЊC). On 14 October 1997, nests were wintered at 4ЊC until 21 January 1998 (99 d wintering period), at which time they were transported by van to Lemoore, CA (elevation, 68 m; 119Њ 46Ј W, 36Њ 18Ј N).
To obtain emergence by the expected initiation of almond bloom in mid-February 1998, we followed a method similar to that used in previous studies of O. lignaria (Torchio 1979 (Torchio , 1981a (Torchio , 1981b (Torchio , 1982b . On 22 January, we incubated nests at room temperature (20 Ð 22ЊC) and checked for emergence three times daily. Any emerged bees were individually placed in clear gelatin capsules and returned to 4ЊC. The Þrst male emerged on 29 January (8 d after the beginning of incubation), and the last female on 2 March (33 d emergence period). On 15 February, emerged bees (751 females and 1,885 males) were removed from their capsules, placed in three emergence boxes (cardboard boxes each 25 by 20 by 8 cm with several 10-mm-diameter emergence holes), and transported in a portable cooler to an almond orchard in Lemoore. One large nesting shelter was set up in the center of the orchard and eight smaller shelters were located at the periphery. The large shelter contained 60 wood blocks (16 by 16 by 16 cm) each with 49 holes. Each of the smaller shelters contained one styrene block (120-hole 45 by 110 by 16 cm). A paper straw (15 cm long, 7.5 mm i.d.) was inserted in each hole in both wood and styrene blocks. Bees began to ßy out of the emergence boxes as soon as they were placed inside the large nesting shelter on 15 February. Almond bloom in the orchard was just starting, and the Þrst nesting activities were observed on 18 February. By 17 March, a few females were still nesting, but the orchard bloom was Þnished.
Nesting materials were recovered on 6 April 1998 and taken to the Bee Biology & Systematics Laboratory (BBSL) in Logan, UT, where paper straws with nests were X-rayed (Stephen and Undurraga 1976) . X-ray plates were used to count female and male cells (female cells are larger and usually precede male cells within the nest) and to quantify mortality. A total of 535 nests with 928 male and 815 female cells were obtained. Nests were divided into two groups of 267 and 268 nests, respectively.
Mid-Flying Population (Mid). These bees were the progeny of wild populations from central California that ßew from late March to late April 1998. One hundred styrene nest traps were attached to trees in the foothills of Monterey and Tulare counties (elevation, 200 Ð350 m; longitude 119Њ 0ЈÐ120Њ 55Ј W; latitude 35Њ 52ЈÐ36Њ 25Ј N) in early March 1998. Each styrene trap contained 25 holes, each with a paper straw identical to the ones described above. Nesting activity at the trapping sites started around 20 March. Nest traps were collected on 30 April, when few bees were still actively nesting. The contents of the nests obtained were analyzed as described above using X-ray plates. The 139 nests with 425 male and 247 female cells were divided into two groups. (Late) . These bees were the progeny of a late-ßying population (AprilÐMay) released in an appleÐpear orchard in North Logan, UT, during May 1998. These 1998 bees were derived from the same 1997 (late-ßying) population as the Early population above. Late bees were reared in the same way as Early bees except that nests of Late bees were wintered until 27 April rather than 21 January 1998. On 27 April, 1,029 nests containing 4,750 males and 2,500 females were inserted in 312 wood blocks distributed among 27 nesting shelters across the apple-pear orchard. The duration of nesting was 28 April to 29 May. After petal fall, nesting materials were recovered and nests treated as described for the other two populations. The number of viable progeny obtained, 8,549 males and 6,575 females, was divided into Þve groups, each with Ϸ200 nests. Voucher specimens are deposited in the BBSL collection.
Late-Flying Population
Development and Wintering. In an attempt to imitate natural conditions in an almond-growing area, one group of nests from each population was brought, shortly after termination of the nesting period, to an insulated unheated aluminum storage house (Sto) in Lemoore (central California), and kept there throughout development and wintering. Because bees from the three populations nested at different times ( Fig. 1) , and temperatures in the storage house varied throughout the year (Fig. 2) , these three groups of bees were actually exposed to different temperatures during their development. A second group of nests from each population was reared at the BBSL, Logan (northern Utah). Following the temperature regimes used in earlier O. lignaria studies (e.g., Torchio 1981a Torchio , 1985 , these nests were kept at 22ЊC through the summer development period, and wintered at 4ЊC. To test whether emergence of the late-ßying population could be advanced by 2 mo with respect to the natural emergence of this population, three additional rearing regimes were applied only to Late bees. Two groups of Late bees were exposed to 29ЊC and 14:27ЊC (a thermoperiod of 8:16 h; mean, 22ЊC), respectively, throughout the summer development period, and wintered at 4ЊC. A last group of Late bees was reared at 22ЊC and wintered at 7ЊC. Temperatures throughout development and wintering periods of each treatment were monitored hourly with temperature loggers. Notation for the nine rearing treatments created indicates the phenology of the population used, followed by the temperature conditions during development, followed by the temperature conditions during wintering: Early-Sto-Sto; Early-22-4; Mid-Sto-Sto; Mid-22-4; Late-Sto-Sto; Late-22-4; Late-29-4; Late-14:27-4; and Late-22-7.
To monitor development, a sample of 30 nests (Ϸ150 individuals) from each rearing treatment were X-rayed every 2 wk. X-ray plates were used to determine the number of individuals in each of the following stages: feeding larva, prepupa (larva in cocoon), pupa, and adult. Individuals not reaching adulthood were scored as either developmental mortality (developmental arrest caused by abiotic or unknown factors) or parasitism (developmental arrest caused by parasitoids, predators or pathogens). Nests with parasitism were dissected with a razor blade to remove parasitized cells.
Bees that were wintered at controlled temperatures (4 or 7ЊC) were cooled in stages. As the last individual of each treatment reached the adult stage, bees of that treatment were cooled by exposing them consecutively to 22, 18, and 10ЊC (3 d at each temperature) before transfer to the prescribed wintering temperature at 4 or 7ЊC. Bees reared and wintered at Sto conditions were left at the Lemoore storage house for the entire wintering period.
Fat Body Condition. Studies on the closely related species O. cornuta showed that individuals prewintered (kept at warm temperatures as adults) for 80 d had reduced vigor (longevity without feeding) and low emergence percentages compared with individuals prewintered for 30 d (Monzó n 1998). These results were associated with a decrease in fat body mass and protein content in individuals prewintered for 80 d (Monzó n 1998). In O. lignaria, fat body condition can be detected on X-ray plates (unpublished data). The anterior abdomen area of adults with partially consumed fat body appears gray or black (empty) on the X-ray plates, instead of white as in individuals with abdomens fully Þlled with fat body. We used one X-ray plate (75Ð150 individuals) per treatment to score the number of prewintering adults with "full" versus "empty" abdomens. To determine whether fat body condition, as reßected in the X-ray plates, was correlated to bee vigor, we monitored emergence dates and longevity at 22ЊC for 10 males with "full" abdomens and 12 males with "empty" abdomens from the Late-29-4 treatment. To detect a possible relationship between fat body condition and adulthood date, we used the X-ray plates made throughout the development and noted adulthood dates for bees of the Late-29-4 treatment scored as having either "full" or "empty" abdomens.
Incubation, Emergence, and Vigor. On 30 January 1999, nests from all treatments conducted in Logan were taken by van to Lemoore. On 31 January, nests from each group were placed in plastic food containers and incubated at room temperature (20 Ð22ЊC). Plastic containers were checked several times every day. Emerging bees were left in the containers, and when Ϸ50% of the males and possibly the very Þrst females had emerged, the containers were transferred to 4ЊC until release day.
To obtain comparative data on emergence periods and bee vigor across treatments, some nests of each treatment were dissected to collect Ϸ70 male cocoons per treatment (fewer in the Mid population treatments). These cocoons were individually placed in glass vials on 31 January, left at room temperature (20 Ð22ЊC) and checked daily. Emergence and death dates were recorded. The difference between these two dates (longevity without feeding) was used as an estimate of bee vigor (Bosch and Kemp 2000a) .
Release. Each of the nine treatments was released separately in one of nine 64-ha almond orchards in the LemooreÐHuron area. Distance between release sites was Ͼ1.6 km. Each of the nine orchards was provided with an east-facing nesting shelter that consisted of a wooden box with the front side open, held 1 m above the ground by four metal fence posts. Each shelter contained 15 wood blocks (49-hole) with inserted paper straws identical to the ones described above, for a total of 735 holes per shelter. Honey bee hives, at a density of 6.7 hives per hectare, were present in all orchards.
Treatments expressing earlier bee emergence periods were assigned to earlier-blooming orchards and released on 14 February 1999. Treatments expressing later bee emergence were released on 18 February 1999. All groups of bees were released on days with fair weather, when bloom of the earliest ßowering cultivar in the orchard was Ͻ10%, and before the latest cultivars had started blooming. At each orchard, straws containing natal nests were inserted in the top row of holes of each wood block, and males that had emerged during incubation were released in a cardboard emergence box placed inside the shelter. A small trench was dug at each shelter to collect rain and irrigation water, and facilitate mud collection by nesting females.
Nesting and Populations Obtained During 1999. In the days after release of bee populations in the orchards, observations were made of bee emergence, mating, and establishment. Once nesting activities had started, the number of females established at each shelter was determined by inspecting, at night with a ßashlight, the 735 holes provided at each orchard. These night counts were repeated weekly in all orchards until petal fall (four to Þve night counts per treatment). The establishment of female bees was calculated by dividing the maximum number of females recorded in a night count by the number of females released.
Nesting materials were recovered on 19 April 1999 and returned to the BBSL, where straws with nests were removed. A sample of 30 nests per treatment was X-rayed and used to count numbers of male and female cells per nest, and estimate the size of the populations obtained at each orchard.
To verify pollens collected by O. lignaria females for cell provisioning, fecal samples from the Þrst and last cells of each of 15 randomly chosen nests per treatment were mounted on glass slides with fuchsinstained gelatin (Beattie 1971) . Two-hundred pollen grains per sample (6,000 pollen grains per treatment) were identiÞed via standard light microscopy.
Data Analysis. Differences among treatments in mortality, emergence, and frequency of individuals with reduced fat bodies were determined with the G-test, and differences in longevity and emergence time with the analysis of variance and the Tukey honestly signiÞcant difference test for means separation. Because of low sample sizes, the MannÐWhitney U test was used to analyze differences in longevity between individuals of treatment Late-29-4 with and without reduced fat bodies. The simple correlation coefÞcient (r) was used to describe the relationship between mean longevity (log-transformed) and percentage of individuals with reduced fat bodies (arcsine transformed).
Results
Development and Mortality During 1998. Nesting periods and developmental rates for each treatment are listed in Fig. 1 . Temperatures recorded at the Lemoore storage house are provided in Fig. 2 . Early bees reared at 22ЊC completed development by late July 1998, slightly ahead of Early bees reared under Sto conditions, which completed development by early August. The parental generation of Mid bees ßew Ϸ1 mo later than the parental generation of Early bees. Furthermore, Mid bees developed more slowly than Early bees exposed to equivalent conditions (treatments Early-Sto-Sto and Early-22-4 versus Mid-StoSto and Mid-22-4, respectively). As a result, Mid bees reached adulthood Ϸ2 mo later than Early bees. As with Early bees, Mid bees developed slightly faster at 22ЊC than under Sto conditions. The parental generation of Late bees ßew Ϸ1 mo later than the parental generation of Mid bees. However, Late bees developed faster than Mid bees and, as a consequence, Late bees reached adulthood approximately at the same time (treatment Late-22-4 versus Mid-22-4) or even 1 mo ahead (treatment Late-Sto-Sto versus Mid-StoSto) of Mid bees. Late bees developed at about the same rate at 22ЊC as under Sto conditions; therefore, both treatments reached 100% adulthood by late September 1998. The development time of Late bees was shortened by Ϸ1 mo when bees were exposed to 29ЊC or to 14:27ЊC.
Mortality rates throughout nesting and development for each population during 1998 are shown in Table 1 . Parasitism was caused by one entomopathogenic fungus, Ascosphaera sp., and two cleptoparasites, the meloid beetle Tricrania stansburyi (Haldeman) and the sapygid wasp Sapyga sp. Mortality caused by parasitism during 1998 was not related to rearing treatment, because all three parasitic organisms enter O. lignaria nests as they are being provisioned in spring.
Developmental mortality was highest in all populations in the egg stage (Table 1) ; but because nests were not exposed to treatment conditions until bees were in the larval-prepupal stages, egg mortality is not related to rearing regime. Mortality attributable to rearing regime (late developmental mortality in Table  1 ) includes larval, prepupal, pupal, and prewintering adult mortality, and was highest in Mid bees (G ϭ 145.72, df ϭ 8, P Ͻ 0.001). Treatment notation as in Fig. 1 . a Cleptoparasites and pathogens. b Dead larvae, prepupae, pupae, and prewintering adults.
Prewintering and Wintering. For treatments wintered under controlled temperatures (4 or 7ЊC), wintering started 9 d after all individuals within a given treatment reached adulthood. Wintering periods for these treatments ranged from 117 d, for those that reached adulthood the latest, to 182 d for those that reached adulthood the earliest (Fig. 1) . For practical purposes, we considered treatments wintered under Sto conditions to have also started wintering 9 d after 100% of the bees reached adulthood. However, these dates did not necessarily coincide with temperature drops. In fact, temperatures in the Lemoore storage house did not start to decrease until mid-September and maintained levels Ͼ4Ð7ЊC until mid-December (Fig. 2) . As a consequence, bees of treatments EarlySto-Sto and Late-Sto-Sto, which reached adulthood by early August and mid-September, respectively (Fig.  1) , were exposed to an extended prewintering period (period of warm temperatures as adults). These two treatments also showed the highest (4.3 and 1.2%, respectively) prewintering adult mortality (Table 1 ; G ϭ 96.61, df ϭ 8, P Ͻ 0.001) and high percentages (38.3 and 16.5%, respectively) of individuals with reduced fat bodies (Table 2 ; G ϭ 165.75, df ϭ 8, P Ͻ 0.001). Conversely, Mid bees exposed to Sto conditions (Mid-Sto-Sto) only reached adulthood by late October, and, as a consequence, were exposed to shorter prewintering periods. These bees also expressed low percentages of dead prewintering adults and individuals with reduced fat bodies (0.2 and 3.8%, respectively). The only other treatment with a high percentage of individuals with reduced fat bodies (18%) was Late-29-4, with a short prewintering period, but at a high (29ЊC) temperature.
In the Late-29-4 treatment, fat body condition was clearly related to adulthood date (Table 3) . Those individuals that reached adulthood early in the season (by 20 July), and therefore were exposed to an extended prewintering period, were more likely to have reduced fat bodies than those that reached adulthood later (later than 20 July; G ϭ 69.06, df ϭ 1, P Ͻ 0.001).
Emergence and Vigor. Emergence of males placed in glass vials at 20 Ð22ЊC was higher than 94% in all treatments except Early-Sto-Sto (Table 2 ; G ϭ 174.43, df ϭ 8, P Ͻ 0.001). This treatment also had the shortest longevity without feeding (Table 2 ; F ϭ 51.65, df ϭ 8, P Ͻ 0.0001). Mean longevity (log transformed) was negatively correlated with percent individuals with reduced fat bodies (arcsine transformed) (n ϭ 9, r ϭ Ϫ0.74, P Ͻ 0.03), and males of the Late-29-4 treatment with full fat bodies had greater longevity than those with reduced fat bodies (Table 3 ; MannÐWhitney U ϭ 20.00, P Ͻ 0.007).
Mean emergence time (days to emerge after the beginning of incubation at 20 Ð22ЊC, on 31 January 1999) varied widely among treatments (Table 2 ; F ϭ 160.74, df ϭ 8, P Ͻ 0.0001). All males of treatment Early-22-4 emerged on the Þrst day of incubation, whereas Late-Sto-Sto males took an average of 15 d to emerge. Sto treatments yielded longer emergence periods than 22-4 treatments in all three populations (Table 2) . Males from the Late population readily emerged in early February (mean emergence periods Ͻ5 d) when exposed to treatments Late-29-4, Late-14:27-4 and Late-22-7 (Table 2) .
Incubation, Release, and Establishment. Natal nests of all populations were incubated at room temperatures starting on 31 January 1999, and checked several 27-4 were transferred to 4ЊC when Ϸ50% of the males had emerged from the paper straws (Table 4) . To avoid prolonged exposure of emerged males to room temperature, natal nests of treatments with long emergence periods (Early-Sto-Sto, Mid-Sto-Sto, and LateSto-Sto) were cooled when Ϸ20% of the males had emerged (Table 4) . Numbers of males and females released, as well as release dates for each treatment are indicated in Table 4 , which also reports the percentage of females that established at each nesting site in the night counts after release. In three treatments (Early-22-4, Late-14:27-4, and Late-22-7), percent female establishment was higher than 50%. In Early-22-4 and Late-14:27-4 the number of females established was actually higher than the number of females released. This unexpected result could be the consequence of females drifting from our other release sites or from resident wild populations. For reasons explained in the Discussion, we favor the hypothesis that all or most extra females came from other release sites. Bee Return. The numbers of nests and cells built at each site are shown in Table 5 . Numbers of female cells produced were higher than numbers of females released in all treatments, except Early-Sto-Sto, Mid-22-4, and Late-22-4. After deducting developmental mortality and parasitism, numbers of live females were higher than numbers of females released in three treatments (Early-22-4: 3.6-fold increase; Late-14: 27-4: 4.4-fold increase, and Late-22-7: 1.7-fold increase). Taking all treatments together, the number of live females obtained was 1.7 times higher than the number of females released, and the number of live males obtained 2.3 times higher than the number of males released. O. lignaria females of all nine treatments overwhelmingly collected almond pollen to provision their nests (Table 4) .
Discussion
Osmia lignaria populations from northern Utah lay their eggs in AprilÐMay, and immatures reach adulthood in late August as ambient temperatures begin to decline (Bosch and Kemp 2000a) . In warmer areas at lower latitudes, where ambient temperatures remain high enough for development until SeptemberÐOcto-ber, O. lignaria develop at a slower rate (unpublished data). Similar results have been found in the closely related European species, O. cornuta (Monzó n 1998; J.B., unpublished data). In both species, individuals from warmer areas remain in the prepupal stage for Treatment notation as in Fig. 1 . a At 20 Ð22ЊC. b Treatment for which there were more females nesting than those released. longer periods, thus delaying adulthood until the time when ambient temperatures start to decline. If prewintering adults are kept at warm temperatures for extended periods (Ͼ30 d), their metabolic rates remain high, they consume their fat body reserves, and their body weight decreases considerably (Vicens 1997 , Monzó n 1998 , Bosch and Kemp 2000b J.B., unpublished data) . These individuals are less likely to emerge the following spring (Bosch 1994 , Monzó n 1998 , Bosch and Kemp 2000b . Consistent with these results, our central California populations (Mid) expressed longer prepupal periods and reached adulthood later than our northern Utah populations (Late), even when the former ßew a month later. In the Lemoore storage house, summer temperatures started to decline in the second half of September, just as Mid bees were reaching adulthood, and Ϸ1 mo after most Late bees had reached adulthood. Late-Sto-Sto bees also had higher percent of individuals with signs of fat body reduction (16.5 versus 3.8%), and lower mean longevity in emerged individuals (3.33 versus 6.29 d) than Mid-Sto-Sto bees. Early bees were the progeny of late-ßying (northern Utah) bees that had been forced to ßy in February 1998. It remained to be seen whether these bees would develop at slow or fast rates during 1999. The former would suggest a phenotypic response of developing immatures to environmental cues (probably temperature or thermoperiod because development takes place in the darkness of a sealed nest). Both mean temperature and thermoperiod regime are known to inßuence the duration of the prepupal stage in O. lignaria (Bosch and Kemp 2000a) . Slow developmental rates could also indicate a maternal effect on developmental rates. Parental females might cue on photoperiod or some other environmental factor to inßuence the length of the prepupal period of their progeny and thus adjust their progenyÕs adulthood period to the decline of summer temperatures. Maternal effects inßuencing progeny developmental rates have been described in other insects (Mousseau and Dingle 1991) . The second possibility (progeny of early bees developing at fast developmental rates) would suggest that the duration of the prepupal stage is mainly genetically controlled, and that different alleles have been selected for in populations from different areas. Genetically controlled life cycle differences among populations adapted to differing environments are well documented in insects (Nijhout 1999) . Early bees had a short prepupal period and developed as fast as Late bees (Fig. 1) , therefore favoring the hypothesis that the duration of the prepupal period is, at least partially, genetically controlled. Early-Sto-Sto bees reached adulthood in July and, as a result, they were exposed for even longer time than Late-Sto-Sto bees to high late-summer temperatures in the Lemoore storage house. Of all three populations exposed to storage house conditions, Early bees had the highest percent of individuals with reduced fat bodies (38.3%), the lowest percent emergence (36.7%), and the lowest mean longevity (2.14 d).
Over-exposure of prewintering adults to warm temperatures was avoided in temperature controlled treatments because bees were cooled shortly after all individuals had reached adulthood. In the sister species O. cornuta, winter survival is highest when bees are cooled 15Ð30 d after adulthood (Monzó n 1998; J.B., unpublished data). Because not all individuals within a population/treatment reach adulthood at the same time, some prewintering adults are exposed to warm temperatures for longer periods than others. As exempliÞed by our analysis of Late-29-4 bees, earlydeveloping individuals are more likely to show signs of fat body depletion and express shorter longevity without feeding than late-developing individuals. In natural conditions, newly emerged bees normally have immediate access to nectar sources. Vigor, as expressed by low longevity in the laboratory, might only effectively limit survival in situations in which emerged bees are forced to stay within their natal nests, because of extended periods of poor weather immediately after emergence (Vicens et al. 1994) .
In agreement with previous laboratory results (Bosch and Kemp 2000a) , Late bees exposed to 29ЊC and 14:27ЊC developed faster than bees exposed to 22ЊC, and did not have increased developmental mortality. Developmental mortality was only signiÞcantly high in the two Mid treatments. Mid bees were conspicuously smaller than Early or Late bees, indicating reduced pollen-nectar allocations to provisions of Mid bees. In Osmia spp., body size is negatively correlated to both developmental (J.B., unpublished data) and winter survival Torchio 1982, Vicens 1997) . The low number of nests obtained, the low numbers of cells per nest, and the highly male-biased sex ratio obtained from our California nest traps also indicate poor conditions during the 1998 nesting period of Mid bees (Torchio and Tepedino 1980 , Torchio 1985 , Vicens 1997 J.B., unpublished data) .
The Þrst objective of this study was to force O. lignaria bees to emerge from natal nests over a short interval in February, 1Ð2 mo ahead of their natural emergence time in their native regions. One effect of reducing the wintering period in O. lignaria is that bees require longer periods of incubation to emerge, and they emerge over an extended period, as demonstrated by the parental population of Early bees, which were only wintered for 99 d, and took 8 d of incubation to initiate emergence and 33 d to complete emergence. A similar relationship between wintering periods and emergence periods has been reported in other univoltine, adult-wintering Osmia species (van der Steen and deRuijter 1991, Bosch and Blas 1994, Vicens et al. 1994 ).
Short emergence periods are important in managed populations because commercial almond orchards bloom for only 2Ð3 wk. By accelerating egg to adult development and cooling late-ßying bees shortly after they became adults, we were able to winter them for 117 d (Late-22-4) or 142 d . In all three treatments, male emergence started 2Ð3 d after incubation and lasted 9 Ð13 d. Emergence was faster in the two treatments with the long win-tering periods (mean male emergence: 4.85 and 3.96 d) than in the treatment with the shorter wintering period (mean male emergence: 6.72 d). As explained above, Early bees developed at rates consistent with populations from their geographical origin (fast development), and should, therefore, be considered late-ßying bees. However, because their parental population was forced to nest early in the year, these bees could be wintered for 182 d, and their emergence was extremely fast (mean male emergence, 1.00 d). Conversely, because temperatures in the Lemoore storage house remained Ͼ10ЊC until early December, wintering periods of Late-Sto-Sto bees were effectively much shorter than those intended and indicated in Fig. 1 . Consequently, Late-Sto-Sto bees emerged very late (mean male emergence: 14.89 d).
The second method evaluated for advancing emergence of late-ßying bees, (exposing adults to higher wintering temperatures) was also effective. Late-22-7 bees emerged in half the time (mean male emergence, 3.24 d) than Late-22-4 bees (mean male emergence, 6.72 d).
The third method that we tested to obtain February emergence involved the use of earlier-ßying California populations. In agreement with the shorter winters in lower latitudes, populations from areas with warmer climates require shorter wintering periods (Bosch and Blas 1994, Monzó n 1998) . In this study, however, Mid-22-4 bees wintered for 117 d did not emerge signiÞ-cantly faster than Late-22-4 bees wintered for the same period of time (mean male emergence: 5.41 and 6.72 d, respectively).
The second and third objectives of this study were to determine whether force-reared bees would establish at their release sites and increase their numbers in almond orchards. Establishment results were confounded somewhat by the unexpected Þnding at two sites of more nesting females than had been released. Females from resident populations could have been attracted to our nesting sites. However, the areas in which bees were released were intensively cultivated, with almond, cotton, tomato, and alfalfa crops. Natural nesting sites (dead trees, timber) were not available, and artiÞcial potential nesting sites (buildings or other artiÞcial structures) were scarce. Lack of alternative pollenÐnectar sources and frequent insecticide sprays would not favor the maintenance of local populations. Furthermore, we have found no February O. lignaria records from central California, nor have we detected any O. lignaria females at our nesting sites before our releases. A second possibility to explain additional bee establishment is that females could drift from one nesting site to another. Some degree of dispersal always occurs in managed (and probably in natural) O. lignaria populations (Torchio 1987) . Although our nesting sites were Ͼ1.6 km apart from each other, individually marked O. cornuta females have been found nesting up to 2 km away from their release site (J.B., unpublished data). Scent cues such as those found in Osmia rufa (L.) (Rosner 1994) could help direct dispersing females to active nesting sites, and explain the gregarious nesting behavior of cavity-nesting Osmia bees (Torchio 1987) . Taking all treatments together, the number of established females (943) was 62.8% the number of released females (1,502), and the total number of live females obtained was 1.7 times larger than the number released. To our knowledge, this is the Þrst report of O. lignaria populations increasing in almond orchard environments. Pollen analyses of this study conÞrm the strong preference of O. lignaria females to forage on almond ßowers (Torchio 1981a (Torchio , 1981b .
The last objective of the study was to determine whether the progeny of late-ßying populations managed to emerge and nest in February would develop as an early-or as a late-ßying population. Early-22-4 bees were the fastest emerging bees and had the greatest longevity. However, as mentioned above, they developed at a rate typical of late-ßying populations, and, therefore, were still not in phase with California ambient conditions, as demonstrated by the high mortality rates of Early-Sto-Sto. Therefore, late-ßying bees can be used for almond pollination year after year as long as they are reared at artiÞcial temperatures. That is, their life cycle has to be artiÞcially kept out of phase with natural conditions.
The recent conversion of Ͼ40,000 ha of cotton to almonds in the Central Valley of California will increase the demand for bee pollinators during the next 5Ð 6 yr (Traynor 1998) as those plantings begin to bear at commercial levels. In 2000, press reports from California indicate that 1Ð3% of the 8,000 California almond growers were not able to obtain honey bees during the 2000 pollination season because of insufÞcient numbers of honey bee colonies. We have demonstrated herein that simple procedures which allow for adequate wintering can be followed to establish O. lignaria in almond orchards. Because only 750 O. lignaria nesting females are required to pollinate 1 ha of almonds (Torchio 1991) , sufÞcient bee numbers to pollinate large acreages can be incubated and wintered in a reduced space. Elsewhere (Bosch and Kemp 2000c) we provide guidelines for managing this excellent orchard pollinator.
